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Why the pessimistic title?

PHYSICAL REVIEW D 98, 015035 (2018)

AL > 4 lepton number violating processes Paper from last year, a
Renato M. Fonseca and Martin Hirsch’ theoretlcal and
AHEP Group, Instituto de Fisica Corpuscular, C.S.1.C./Universitat de Valencia, Spain Edificio de phenomenological Study

Institutos de Paterna, Apartado 22085, E-46071 Valencia, Spain

of quadruple beta decay

® (Received 26 June 2018; published 26 July 2018)

We discuss the experimental prospects for observing processes which violate lepton number (AL) in four
units (or more). First, we reconsider neutrinoless quadruple beta decay, deriving a model independent and
very conservative lower limit on its half-life of the order of 10*! ys for "Nd. This renders quadruple beta
decay unobservable for any feasible experiment. We then turn to a more general discussion of different
possible low-energy processes with values of AL >4. A simple operator analysis leads to rather
pessimistic conclusions about the observability at low-energy experiments in all cases we study. However,
the situation looks much brighter for accelerator experiments. For two example models with AL = 4 and
another one with AL =5, we show how the LHC or a hypothetical future pp collider, such as the FCC,
could probe multilepton number violating operators at the TeV scale.

Let us consider first the latter case, AB = 0. This implies
immediately that AL must be an even number. The relevant
processes are then Ov(2n)f with n > 2. We discuss only -

Discussion of other

processes being “even decays, since for quadruple beta decays it has been shown
more hOpeleSS” to already in [15] that the positron emission or electron
observe than capture processes arejeven more hopeless,|due to their
quadruple beta decay smaller Q-values. For Ov(Zn)f with n > 2 the same

observation applies.
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An extrapolation

Half-life (years) - Theoretical estimates or experimental limits

First mention of ov4p
/ arXiv:1306.0580
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Outline of this talk

* A couple of slides about double beta decay
—not a large focus, given 4 is better than 2...

 Lepton number violation, implication for
Dirac & Majorana neutrinos

* Quadruple beta decay phenomenology

* First ever search for quadruple beta decay
— NEMO-3 experiment, analysis & result

 Future prospects & complementary searches
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Neutrinoless double beta decay

 Already a relatively well known process

Date Topic Speaker Files
Oct 19, . . . . .
0017 Searching for neutrinoless double beta decay with EXO David Moore, Yale slides
Nov 30, Discovery probability of rrext-generatlon neutrinoless Giovanni Benato, UG Berke slides
2017 double-beta decay experiments
Apr 24, .
2018 SuperNEMO and the mystery of matter 2 ege London slides
Aug 1, Nausicaa’s beach ) . Slides
2018 nternational Physics Center (DIPC)
Dec 6,  Search for new ph Matteo Agostini, TUM Munich Slides
2018 and the Ge

10
;3?9 " Majora 1 1 ? Andre de Gouvea, Northwestern University Slides
May
30, Search for neutrinoless double beta decay with CUORE Stefano Dell’Oro, Virginia Tech Slides
2019

* So I will not discuss in a lot of detail
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Homogeneous experiments

Most experiments are “homogenous” with their
isotope embedded in their calorimetric detector,
and only measure the decay energy

- 2-electron energy sum
- 2 FWHM = 7%

Ovpp

arbitrary units

Standard
model

1 I 1

0 02 04 06 0.8 1E1 . E: .2

Q

BB

General technique: measure
decay energy spectrum, search
for bump at endpoint

apologies if your favourite experiment isn’t mentioned
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Heterogenous experiments

- NEMO-3 in contrast uses a tracker-calorimeter
setup, with detector-independent isotope foils
— Can detect the two electrons individually

— Measure the kinematics of electrons to study
underlying mechanism
— Pay with poorer energy resolution & energy losses

Angular distribution

1286 eV —%ctor &
- BZSe
tracker volume | & 15 electron 1.5
W\& g angular D
[ . . . =
° 10 distribution 10
in foi . C 3
thin foil calorimeter MM 5
of isoto ViAL 3 ~
P blocks 1256 keV 0,5 L. 05
RQ%WD ENErgy
Y - Z D/ 00 tI'y
0 :
] el oy 106 02 02 06 1 00 02 04 06 08 10
8 2 cos © ] /Q
n
- s0cm R ‘Standard’ majorana mass ovf3f3
soom X Right handed weak currents

Eur.Phys.J.C70, 927 (2010)
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Why theorists love double beta decay

- Many new physics processes can contribute to
neutrinoless double beta decay

— All processes imply that neutrinos are Majorana and
lepton number is violated

X/9Vy

X/9 &

Examples including
Supersymmetry,

doubly-charged " u ) i < & s
scalars, heavy neutral L
leptons, ... Majorana models also good for explaining leptogenesis

& seesaw mechansim neutrino mass generation
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Schechter, Valle (Phys Rev D 25,2951; 1982) state that:

» If neutrinos are Majorana fermions, then neutrinoless
double beta decay must occur and lepton number is
violated

Likewise,
- If neutrinoless double beta decay occurs, it can slot into
the [JEIddeled, and neutrinos must be Majorana fermions

* Does this apply if lepton number is generally violated ...?
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Lepton number violation

 “If lepton number is violated, then neutrinos
have to be Majorana fermions”

— By the black box theorem

» If neutrinos are Dirac fermions, can lepton
number be violated?
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Lepton number violation

 “If lepton number is violated, then neutrinos
have to be Majorana fermions”

— By the black box theorem
— not necessarily true...

» If neutrinos are Dirac fermions, can lepton
number be violated?

— YES!
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Lepton number violation

 “If lepton number is violated, then neutrinos
have to be Majorana fermions”

— By the black box theorem
— not necessarily true... only if by 1 or 2 units

» If neutrinos are Dirac fermions, can lepton
number be violated?

— YES!
— Has to be by =3 units
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Leptogenesis with Dirac LNV

 Leptogenesis is the phenomenon whereby the
baryonic matter-antimatter asymmetry of the
universe is generated from a lepton number

asymmetry

— J Turner seminar - 18 Oct 2018

— “Most theories of leptogenesis assume neutrinos are
Majorana (of course there are exceptions)”

* One particular exception involving LNV Dirac

neutrinos -

MANCHESTER
1824

R

Figure 1: C'P-violating vertex and self-energy loop corrections
to the LNV decay =; — vR,oVr,p relevant for leptogenesis.
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Mass generation with Dirac LNV

« Dirac neutrino masses can be generated at the loop level -

“radiative corrections”

— see arXiv:1505.01738 for a review
 —Usually introduce new scalar fields, at least one with a vacuum

expectation value <S>

— If <S> carries a lepton number, LNV with dirac neutrinos is possible
« These models usually produce dark matter candidates as well

arXiv:1903.12558
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Seesaw mechanism,
m, o<1/ My

but with Dirac neturinos
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Why theorists should love Dirac LNV

 Dirac LNV models can be used to explain
— Leptogenesis v/
— Neutrino mass generation v

— Dirac/Majorana nature of neutrino ¢/

* In conjunction with non-observation of neutrinoless
double beta decay

* How do you search for these models?
— Neutrinoless n-tuple beta decays  (n>2)
— Colliders production of intermediate states

MANCHE;;EER Pawel Guzowski - Fermilab NPC Seminar 19 September 2019



Neutrinoless triple beta decay

e Minimal Dirac-LNV scheme, with AL=3
« However, it 1s forbidden by Lorentz symmetry

— =

bosonic \ fermionic
— —
state state

* Could include Baryon number violation as well,
but then no longer “beta decay”

— AB=1 strongly constrained by nucleon decay searches
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Neutrinoless quadruple beta decay

» Minimal Dirac-LNV scheme allowed by all
symmetries: AL=4

d

d

Examples
of concrete
models on
next slide

red or blue diagrams alone: neutrinoless double beta decay

5
y )

u

arXiv:1306.0580
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Inside nucleus, 4
neutrons convert to 4
protons (nucleus
Z—7+4), and emit 4
electrons

Sum of the energies of
the 4 electrons is a
constant (no neutrinos
are emitted)
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Some specific models

Heeck, Rodejohann
arXiv:1306.0580

“leptogenesis” model

(@) VR

Dasgupta, Kang, Popov
arXiv:1903.12558

“radiative Dirac mass” model

S
S . .
& This model requires
@ .

& 2 )
NN helicity-flip,
N db 4
& suppressed by (m,)
§\ T,,, estimate ~ 10°° years
. VR« %
[} R,0 —
_ =7
L2 O
VRj3 VIC%W
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leptogenesis mechanism
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<i<> <i<> _Sxx coupling only
S r” " constrained by
XA X
b1 unitarity conditions;
X X
" % 1L | couldlead to 10629
y (Si) ¢ 7
X X enhancements
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Phenomenology

 So, models of neutrinoless quadruple beta
decay exist

— One particular encouraging model, linked to
radiative Dirac neutrino mass generation,
estimates an enhanced half-life even as low as
~10%= years

« How should we search for neutrinoless
quadruple beta decay?
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What makes a good 4 1sotope?

Isotope Q.5 (MeV)

48Ca
75Ge
82Ge
967r
IOOMO
110pd
16Cd
124G
130Te
136Xe

150Nd

MANCHESTER
1824

4.27
2.04
3.00
3-35
3.03
2.02
2.81
2.29
2.53
2.46
3-37

Mass

arXiv:1306.0580
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What makes a good 4 1sotope?

Isotope Q.g (MeV)

48Ca
75Ge
82Ge
967r
IOOMO
110pd
16Cd
124G
130Te
136Xe

150Nd

(x = daughter isotope more massive)
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4.27
2.04
3.00
3-35
3.03
2.02
2.81
2.29
2.53
2.46
3-37

X
X
0.04
2.08

Pawel Guzowski -

A \ arXiv:1306.0580
Q4B \ /
Ly

Mass

I I I I I >
Z Z+1 742 7Z+3 Z+4

All 4P candidate isotopes
are also 2 isotopes, but
with lower Q-values
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Expected energy spectrum

Decay rate

For a calorimetric experiment,
ov4f3 peak lies right in the

middle of an irreducible 2v2f3
background

2v2[3

ov4f

(peaks are exaggerated)

arXiv:1306.0580
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Expected energy spectrum

% For a calorimetric experiment, o
~ . . . v2[3
> ov4p peak lies right in the
S middle of an irreducible 2v2f3
A background
2v2[3 "
However:
Two electrons released
&

Four electrons released

Need to have an
ov4p experiment that can
count electrons

arXiv:1306.0580

Energy

MANCHE%ER Pawel Guzowski - Fermilab NPC Seminar 19 September 2019

The University of Manchester



Designing an ideal experiment

* An ideal experiment would need to use 9°Zr or 5°Nd
as the isotope of study

— 136Xe has a tiny Q-value (decay rate oc Q1)

e Would need to be able to count the number of
electrons released in the decay

MANCHE%ER Pawel Guzowski - Fermilab NPC Seminar
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Designing an ideal experiment

* An ideal experiment would need to use 9°Zr or 5°Nd
as the isotope of study

— 136Xe has a tiny Q-value (decay rate oc Q1)

e Would need to be able to count the number of
electrons released in the decay

 Fortunately:

Heterogenous experiments

« NEMO-3 in contrast ugés a tracker-calorimeter
setup, with detector-idependent isotope foils

— Can detect the two glectrons individually

— Measure the kinefhatics of electrons to study

underlying meghianism
Several — Pay with poopér energy resolution & energy losses
minutes '

earlier:

Angular distribution

COS
‘Standard’ majorana mass ovpf3
Right handed weak currents

Eur.Phys.J.C70, 927 (2010)
19 September 2019
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NEMO-3 experiment

Il ==
° 12 countries, 27
Institutions

* Experiment was
located in
Laboratoire
Souterrain de

Modane

 Data taking from
Feb 2003 - Jan
2011

Altitudes 1228 m
Distances ' O m
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NEMO-3 detector

— 10Kkg in total, 20m? area foils
— 7kg 1°°Mo, 1kg 82Se
— 16Cd, 15°Nd, 48Ca, 9%Zr, 13°Te
— 35 grams of 15°Nd

« Tracker

— Drift wire chamber in Geiger
mode

— 9 layers/side, 6180 cells
— 25G magnetic field
» Calorimetry

— 1940 plastic scintillator
blocks

— 37, 5" low-radioactivity PMTs

MANCHE%ER Pawel Guzowski - Fermilab NPC Seminar 19 September 2019
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Detection principle

« Calorimeters provide
E, t measurements

« Tracker used vertexing,
charge ID, angles

« PID:e,y,ef,a

« Knowledge of full event
topology allows
disentangling double-
beta decay mechanisms

« All backgrounds
determined
experimentally in situ
by exploiting
topologies

— (1 track, 1 track +
N gammas, etc)

MANCHESTER
1824
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(Decay Vertex>

harged particle Individual particle
trajectory energy and TOF

i
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ov4[ event topologies

« Three event topologies were chosen to be

studied
— Only 5°Nd was used in this analysis

« 967r has too low a Q-value for efficient detection

of the electrons

— 4e (the golden channel): 4 visible electrons

with an energy measurement

— 3ei1t: One of the four tracks doesn’t have an

associated energy measurement

— 3e: only three visible electrons, all with an

energy measurement

« For signal events, one of the electrons has been

absorbed in the source foil

249

S

MANCHE%ER Pawel Guzowski - Fermilab NPC Seminar
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Event selection

* Quality cuts applied to the
events; relatively loose cuts

to maximise efficiency Topology Efficiency

— Minimum 150keV electron 4e 0.2 %
energy measurement 3eit 0.9 %
— Timing of calorimeter hits 3e 3.6 %

consistent with decay
originating in foil

— Vertex distance cuts on the

Efficiencies (including
topological acceptance)

four tracks Althoug?dthe 3e (}:lhanﬁel
. . isn’t “golden”, it has the
— Np unassociated calorimeter higheft efficiency, due to
hits absorption of the low-
° removal Of gamma decays energy electrons il’l the fOll
— No delayed tracks

« removal of alpha decays

MANCHE;;EER Pawel Guzowski - Fermilab NPC Seminar 19 September 2019
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Backgrounds

« Backgrounds in common foil Internal
with the double-beta / decay electron
analyses

— Internal contamination of \ S
1 ompton-
the source foil - J\‘\) o
— External contamination electron
(radioactivity of detector —

components) inducing o from
signal-like events i decay

gamma
 All these background
activities measured in-situ

during the dedicated *5°Nd ‘/
2v2[3 measurement _—
— Phys Rev D 94, 072003 ttored.

scattered
(2016)

electrons

MANCHESTER
1824
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Moller scattering

« A major background to this analysis is Mgller scattering of 2v2[3 electrons
— Irreducible contamination (all 4[3 isotopes are also 23 emitters)
— Reducible by having lower density foil

 Beta electrons travelling through the source foil can kick out another
electron in the bulk of the material

foil

Moller scattered electron

Original {3 electron

Original {3 electron

Moller scattered electron

« Any future experiments would benefit from thinner/less dense foil
— Would also improve energy & electron losses

*  We can check the background modelling using sidebands. ..
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Sidebands: 4p-inert isotopes

NEMO-3 ®Mo [3 electron channel]

150Nd lives
in here

+ —4— Data (3703)
[ Mo 2v2p
[ ] Other backgrounds

Moller
scattered
2v2[3

T
o
S

=

o

Countsl/ 150 keV

09

10 200

TS T T M

0.5 1 1.5 2 25 3
Electron energy sum (MeV)

OO

NEMO-3 ""®Cd [3 electron channel]

NEMO-3 %2Se [3 dlectron channel]
3 16:_82 —4— Data (64) logi o L 16Cd E 1[:gct:?m 2v2p
g 14F Se \i: [ ™se2v2p 3e topologies 5‘:’ 12N ] Other backgrounds
E 122_ [ Other backgrounds . 2 10:_
g No fits 3k
. performed here 8-
- 6
3 All activities £ ,
i3 , measured in g
i3 P dedicated 2v2f R ¢ B
K 05 Elec1tron ene1r§r§/ sum (I\%IeV) 25 8 analyses 0 05 Electron ene1rgsy sum (MeV) 25 8
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Golden channel sideband

NEMO-3 '®Mo [4 electron channel]

> C
e 2 —+4— Data
~ -
s 1sf  9°Mo [ Mo 2v2p
T 16E [ ] other backgrounds
0w C
E 1.4F
o) -
o 1.2:—
1:— —— ——
0.8
0.6
0.4 L
0.2 :Il
0:IIII|II|I_||IIIIJ L
0 0.5 1 1.5 2 2.5 3

Electron energy sum (MeV)

« 2.3 events expected
« 2 0bserved

» Sideband cross-checks gives us
confidence that the backgrounds are
under control

NEMO-3
2006-06-08 13:35:02.673 307 keV '

532 keV
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Results of the search on 5°Nd

o4 NEMO-3 '5Nd: 36.6 g, 5.25 y [4 electron channel] NEMO-3 "*°Nd: 36.6 g, 5.25 y [3 electron channel]
> = . % C : —4— Data (39)
£ 0.09F NeX =0. 04 — 33:,2(245 90% CL (x0.1): (Nexp’ obs 111 g T4p N 22 '%°Nd 0v4p 90% CL:
80 085 P = Symmetric [1 2 2. O] MeV o 12‘_ _16 8 = Symmetric
: =l — Uni . ~ o e Uniform
2 0 07:_ an::;n;mmetric WlndOW) 2 C — Semi-symmetric
% ’ = = Anti-symmetric % 10__ s Anti-symmetric
80.06 — [ ™Nd2v2p 8 - ] "™ Nd2v2p
0.05 E_ [__] Other backgrounds 8 — |:| Other backgrounds
0.04F 61—
0.03F- 4¢€ Q-value 2.08 £ 3€
0.02f- MeV - A
0.01F L i Peak§ spread 2r 1
O: ] . P I | | &Shlﬁed 0_1051 1 1.;1 L |1|5| L |é| | ST |2|5 3
0.5 1 1.5 2 2.5 3 . . .
Electron energy sum (MeV) down due to Electron energy sum (MeV)
150 resolution &
NEMO-3 “"Nd: 36.6 g, 5.25 y [3 electron & 1 track channel] energy losses
> 1 - .
S0k N —0.0 o « Zero events observed in 4e, 3eit
g 0 85— eXp_ : 9 — Symmetric - tOpOlOgleS
-~ T E = Uniform o o (v
2 07 — Semi.symmetrc « No significant excess of data
- e AN i .
3 o6F i observed in 3e channel
C Other background . . .
0.5E- e « 4 different kinematic models of ov4[3
0.4 tested
0.3F 3ei1t — Different efficiencies depending on how
0.2 the energy is shared between electrons
0.1E — Result is largely model independent
st

o
[
—
w

1.5 2
Electron energy sum (MeV)
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Systematic uncertainties

» Uncertainties on background activities described in Phys
Rev D 94, 072003 (2016)

— ~40% uncertainty on reducible backgrounds (internal &
external contamination)

— 5.5% uncertainty on 2v2f background
 Uncertainties on signal:- reconstruction efficiency, model

kinematics
— Kinematics affect 4e golden channel more, due to electron loss
in the foil
Source 4e 3e 3elt

Reconstruction efficiency (e2.) +5.5% =£5.5% £5.5%
Reconstruction efficiency (eze) +8.5% +8.5% +8.5%
Energy scale +12.1% +4.4% +8.5%
Angular distribution +5.7% +£1.9% +4.5%

- However, result is statistics-dominated, systematics make
only a tiny impact

MANCHE;;EER Pawel Guzowski - Fermilab NPC Seminar 19 September 2019
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First ever limit on ov4f3

Symmetric Uniform

Semi-symm. Anti-symm.€—

Different kinematic
models of electron

obs exp obs exp obs exp obs exp energy sharing
4e 0.5 03 03 02 01 0.1 0.03 0.02
3e 1.6 24 15 21 12 1.7 09 1.2
3elt 20 1.9 15 14 07 0.6 0.3 0.3
Combined 3.2 3.7 26 3.0 1.7 2.0 1.1 1.3
T, > (1.1 - 3.2)x10* years

- Limit is set with a combination of all three topologies studied
 Sensitivity is mostly driven by the 3e topology, due to the ~10x

higher efficiency

* Four different kinematic models tested
— affecting how the energy is shared between the four electrons
— Main dependence due to different efficiencies

« Published in PRL as an editor’s suggestion:
— Phys Rev Lett 119 4,041801 (2017)

 First ever limit, and still the best even after two more experiments

MANCHE%ER Pawel Guzowski -
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Setting limits on models

Earlier this year, the NEMO-3
result was used to constrain
New Physics for the first time,
in a radiative mass model

Ml (at a specific point of other 9
N model parameters) <
* Dasgupta, Kang, Popov, | >
arXiv:1903.12558 of 3
| g
vacuuin = i s —
expectation |z | ] :
value <S4> | _3; 4_7 1
<S4> / : 12.5 }

: "

YL Ng \ Ny VR 10.0

) K -1 0 1 2 3 4 5 6

» (/ ‘l — Log[me(Tev) ] arXiv:1903.12558
J mass eigenstates of mixed n,x
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Future prospects

* SuperNEMO, successor to NEMO-3, is being
commissioned now

o Initially it will not use only 32Se, not a ov4[3
1sotope
» However, O(kg) of Nd has been acquired by

the collaboration
— R&D underway enrichment and foil production

 Other experimental techniques can also be
used. ..

MANCHE;;EER Pawel Guzowski - Fermilab NPC Seminar



Two other search strategies

« Search for decays to
excited states
— ys of specific energies A
— Kidd, Tornow, Phys Rev
€98 5,055501 (2018) parent
* T,), >2x102° years isotope
— Barabash, Hubert,
Nachav, Umatov, arXiv:
1906.07180
T, /2> 8x102° years
« Search for daughter
1sotope
— Preliminary studies for
96Zr isotope - Mayer et al, | | | | | >

Phys Rev C98 2, 024617 Z Z+1 Z+2 Z-II-S Z-I|-4
(2018)

— 1023 year half-life
sensitivity expected

\ excited

states

daughter
isotope

MANCHE%ER Pawel Guzowski - Fermilab NPC Seminar 19 September 2019




Searching for triple beta decay

 Lorentz violating
decay

* Search for p+ decay
of daughter isotope

— Also excited state ys

« Barabash, Hubert,
Nachav, Umatov,
arxXiv:1906.07180

= T,,,>4.8x10*%y

— Coincidence of 190.4
& 222.2 keV gammas

|
Z+1 7

I I
+2 7Z+3

600
500 -
400
300 -
200 -

100

lllllllll

180

Gamma energy spectra (keV)
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Collider searches

 Colliders have some chance of creating the
high-mass intermediate particles involved in
AL=4 processes

— Usual signature is production of four same-sign

charged leptons censitiity §/Vi8+B)=5 contours
j 8 T B
; 26 K T

> &
+ |2 24 o 24 |
N |3 2 O 2" A
g 2 5 = 22 . © |
A - j = 20} | = 20 |
h .77 N |58 ) =18 |
----<! 1 16 16
\\\ N .62 1 § . . . . 14 ! u\\~ !
A S j %5740 45 50 55 60 35 40 45 50 55 60
N lg N my in GeV my in GeV
1
j

AT Xiv:1612.06840 ; Higgs-mediated production
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Another AL=4 model

arXiv:1804.10545

7 LT°
. W+ R
production: ‘ .
>Vw W-mediated
! o production
W W W
Tt aemeee LJ..E-.A++ IO wemeae ﬂEE--A“ To.-.x.-E‘::.-.AJrJr
+ W~
decays W

 Model introduces new w [ —eam
scalar triplets Aand T

Number of |
AL=4 events;
at FCC

100}

(o))
o

A eventually decays to
same-sign leptons

—_
o O

alpp = (41" + 3W7)+(4" + 3W™))

L

M[GeV] T mass
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AL=5 at colliders

 Model with AL=5,

— Two new fermions
O, D; new scalar S

arXiv:1804.10545

* 10-event
sensitivity for:
— mp<2.7 TeV in
3 ab*at LHC

— mp<13.3 TeV in
3 ab?* at FCC
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Summary

» Dirac neutrinos with Lepton Number

Violation are an interesting if
unpopularised phenomenon to study
— Can be related to leptogenesis & seesaw

mass models just like their more famous
Majorana counterparts

— Neutrinoless quadruple beta decay is
signature of such models

NEMO-3

Recently the NEMO-3 made the first limit PR g

on neutrinoless quadruple beta decay
— T,,, > 3x10%' years

— Can be used to set limits on radiative mass | =~

models

— This result has stimulated some activity
into studying these models

Rapidly evolving experimental &
theoretical field
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Summary

» Dirac neutrinos with Lepton Number

Violation are an interesting if
unpopularised phenomenon to study
— Can be related to leptogenesis & seesaw

mass models just like their more famous
Majorana counterparts

— Neutrinoless quadruple beta decay is
signature of such models

Recently the NEMO-3 made the first limit PR g

on neutrinoless quadruple beta decay
— T,,, > 3x10%' years

— Can be used to set limits on radiative mass | =~

models

— This result has stimulated some activity
into studying these models

Rapidly evolving experimental &
theoretical field

« “Hopeless” is too pessimistic
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